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Mtb glycoproteins are potent immunomodulators which modulates the host immune response 

in favor of its intracellular persistence. In this report we aim to characterize a functionally 

unknown Mtb gene, encoding for an acetyltransferase (ACTase). We observed that the 

ectopic expression of ACTase in Msm (the non-pathogenic strain of mycobacteria) resulted in 

increased intracellular persistence via inhibiting the production of oxidative radicals. The 

inhibition of reactive oxygen species (ROS) formation inside the host thereby inhibited the 

autophagy pathway (via over-expression of mTORC-1 and autophagy adaptor molecules like 

p62 and NBR; and inhibition of p-ULK-1, p-AMPK, ATG 5/7, Beclin-1 and LC3 

expression). The transcriptional regulator like TFEB, Nrf2 and Keap-1 were also observed to 

be modulated in the MsmACTase infected cells. Scavenging of the ROS formation was found 

to be modulated by the induction of peroxisome turnover, as blocking the peroxisome 

function increased the ROS level in the cells and upregulated the autophagy pathway.   
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Tuberculosis (TB) one of the most fatal pulmonary disease affecting one third of the world’s 

population, commonly caused by Mycobacterium tuberculosis (Mtb). As accounted in WHO 

2016 report 6.3 million instances of TB were accounted for which is comparable to 61% of 

the evaluated rate of 10.4 million. Most of the estimated number of incident cases occurred in 

the WHO south-east Asia region (45%), the WHO African region (25%) and the WHO 

Western Pacific Region (17%) and smaller portions of cases occurred in the WHO Eastern 

Mediterranean Region (7%), the WHO European Region (3%) and the WHO Region of the 

Americas (3%). According to the WHO 2016 report India accounted for about 27 million 

infected individuals out of which 4.5 lakh people died. The high number of TB incidence is 

due to the drug resistant property of the M. tb. These are differentiated into two different 

categories those are- MDR-TB (Multi-drug resistant Tuberculosis), which are resistant to two 

most popular anti-TB drugs those are isoniazid and rifampicin, and XDR-TB (Extensively-

drug resistant Tuberculosis) which shows resistivity towards any of the fluoroquinolones 

(such as levofloxacin or moxifloxacin) and to at least one of the three injectable second-line 

drugs (amikacin, capreomycin or kanamycin).  

Mycobacteria exist as both pathogenic and non-pathogenic species. The fundamental 

difference between the two species is that the pathogenic bacilli seize the maturation of the 

phagosomes, however the non-pathogenic strain is killed via the phagolysosome fusion. 

Mycobacteria are 2-4 µm in length, characterized as non-motile, acid-fast, obligate aerobe. 

Mycobacteria can be distinguished from the rest of the Actinomycetes on the basis of their 

ability to synthesize mycolic acids. The mycolic acids layer in the cell wall plays a crucial 

role in drug resistance. 

Upon infection with mycobacteria, the bacilli are phagocytosed by the macrophages. Here the 

bacteria are exposed to antibacterial effecter molecules such as reactive nitrogen species 

(RNS) and reactive oxygen species (ROS). It has been well established that at physiological 

low levels- reactive oxygen species(ROS) serve as signaling messenger for various biological 

responses, including gene expression, cell proliferation, angiogenesis, innate immunity, 

programmed cell death and senescence [1]. ROS and RNS are produced by the host enzymes 

(such as NADPH oxidase, Superoxide dismutase, Catalase and Xanthine Oxidase) which play 

a critical role in controlling Mtb pathogenesis [2-3]. However, the intracellular bacilli have 

developed strategies to combat the anti-bacterial activity of ROS and RNS [4]. It has been 
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reported that Mel2 locus in Mtb genome plays a significant role in the protection against 

ROS, Mtb was susceptible to ROS [5]. 

It has been reported that the ROS and RNS are intracellular signal transducers for the 

lysosomal degradative process known as Autophagy. This plays essential functions in cellular 

innate immunity, particularly in the clearance of intra-cellular bacteria and also in the 

maintenance of cellular homeostasis [6]. Autophagy can be categorized into three major 

groups: 1. Chaperone mediated autophagy (CMA), 2. Microautophagy, 3. Macroautophagy 

[7]. Autophagy begins with the sequestration of cytoplasmic components which includes 

dysfunctional cell organelles or unused proteins etc, inside a double-membrane bound 

organelle commonly known as autophagosomes, lately these autophagosomes fuse with the 

lysosomes to form the autolysosomes and acquire lysosomal hydrolases which results in the 

degradation of its engulfed constituents [8]. 

Mitochondria is one of the prime site to study intracellular ROS production, however the 

single membrane structure ‘peroxisomes’ are also reported to play a crucial is redox and 

cellular homeostasis. These organelles comprises of different enzymes which participate in a 

wide range of cellular processes including the metabolism of fatty acids, lipids and generation 

as well as detoxification of hydrogen peroxide [9]. The principle functions of peroxisomes 

are to regulate many metabolic pathways that are involved in lipid metabolisms which 

include β-oxidation of very long chain fatty acids (VLCFA), synthesis of ether glycerolipids, 

formation of bile acids and cholesterols and catabolism of purines and amino acids [10]. 

Selective degradation of peroxisomes is termed as Pexophagy. In this process peroxisomes 

are selectively sequestered into the specialized autophagosome and finally degradation 

through the formation of phagolysosomal complex. Here in this report we aim at studying the 

role of an M.tb gene encoding for acetyltransferase (ACTase) in redox homeostasis via 

peroxisome formation and pexophagy.  



14 

 

CHAPTER 3 

 

REVIEW OF THE 

LITERATURE 
  



15 

 

Mycobacterium tuberculosis the etiological agent causing TB belongs to the genus 

Mycobacterium, family of Mycobacteriaceae in the order Actinomycetes. Mycobacterium 

tuberculosis was first identified by Robert Koch as the organism responsible for causing TB 

among humans.  

Some of the well known Mycobacteria: 

Mycobacterium tuberculosis is a member of Mycobacterium tuberculosis complex (MTBC). 

Besides Mtb the other member of the complexes are Mycobacterium bovis, Mycobacterium 

leprae, Mycobacterium smegmatis, Mycobacterium avium, Mycobacterium fortuitum, 

Mycobacterium africanum, Mycobacterium marinum, Mycobacterium microti. 

Mycobacterium smegmatis (Msm) is the non-pathogenic strain of Mycobacteria, which have 

been used as a surrogate model of all the experiments regarding the mycobacterium [11], 

because of its rapid generation time (3-4h) in comparison to the slow generation (15-18h) of 

pathogenic Mtb. Interestingly Msm also shares more than 2000 homologs with M. 

tuberculosis [12]. 

Staining and colony features of Mycobacterium: 

Mycobacteria are to some extent similar to the Gram positive bacteria, however since they 

lack a true outer layer and peptidoglycan so these also share some similarities with Gram 

negative bacteria, as a consequence Mycobacteria cannot retain the Gram stain. It is known to 

be stained by carbol fuchsin (Zeihl-Neelsen staining) since they are acid fast and retain the 

stain even after acid alcohol treatment.  

Due to the presence of the mycolic acid in the cell wall of Mycobacteria it tends to grow in 

the form of a clump with irregular linings on a media plate.  

 

 

 

 

 

                                     

                      Figure 1                                                                                    Figure 2                              
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                                                                          Figure 3 

 

Mycobacteria pathoegenesis and its relativity with growth rate: 

Extensive studies with the help of NMR and mass spectroscopy has helped in elucidating the 

Mtb cell wall structure to some extent. The cell wall is made to two layers. The inner 

component  contains peptidoglycan which are linked via linker unit ( l-Rha-o-GlcNAc-P) to a 

linear galactofuran which is attached to branched arabinofuran and these are subsequently 

attached to mycolic acid [13], C60- C90 long fatty acid which is about 30% -40% of the total 

weight are important for pathogenecity and survival of mycobacteria, Mycolic acid also 

occurs as trehalose di mycolate which helps in inhibiting the phago-lysosome fusion [14] and 

this act as an important marker for the virulent strains. So the structural design of the cell 

envelope aids in intracellular survival, invasion and other immune modulatory activities [15].  

 

Mycobacteria innate resistance to antibiotics: 

Bacterial cell wall is prone to drugs such as penicillin interacts with the β-lactam ring in the 

peptidoglycan layer and inhibits cell wall synthesis; vancomycin alters the molecular 

structure of the cell wall. Mycobacterial cell wall containing thick mycolic acid layer with the 

cell wall containing glycoproteins play a crucial role in resistance towards susceptible drugs 

[16]. The impermeable nature of the cell wall proves itself to be an inherent property for 

resistance. Mycobacteria in combination with impermeability utilizes efflux pumps, antibiotic 

modifying or degrading enzymes or target modifying enzymes to survive even after antibiotic 

treatment [13]. 
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How TB transmits? 

TB is an airborne disease which transmits from an infected person to a susceptible person in 

the form of airborne particle known as droplet nuclei. These droplet nuclei are tiny water 

droplets containing the bacilli which are exhaled out in the environment when infected 

individual cough or sneeze.  

 

 

 

 

 

 

                                                                           Figure 4   

 

TB survival inside the host: 

1. Onset (1-7 days): The bacilli is inhaled 

 

2. Symbiosis (7-21 days): If the bacilli are not killed by the host immune cells then it 

reproduces. 

 

3. Initial caseous necrosis (14-21 days): Mtb resides in the macrophages and replicates, 

followed by infecting the other surrounding activated macrophages via oxidative 

burst. 

 

4. Interplay of tissue damaging and macrophages activating the immune response 

(21 days): Macrophages surround the tubercule but some may be inactive. The 
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tubercule can break off and spread into the surroundings. If the tubercule spreads into 

the blood outside the lung then it is called Miliary TB. 

 

5. Liquefaction and cavity formation: the tubercule at one point of time will liquefy 

and will spread even faster. However, very small percentage of the infected hosts 

attain this stage. 

 

How Mycobacteria enters into the host: 

The infection is initiated with the phagocytosis of the bacilli into the macrophage upon 

recognition of the pathogen-associated molecular patterns (PAMP) by specific pathogen 

recognition patterns (PRPs). PRPs are present in cell surface of Mtb which includes Toll like 

and mannose receptors and other receptors like lipoproteins and glycoproteins (as mentioned 

earlier). It also includes lipomannan and mannose-capped lipomannan (ManLAM). These cell 

surface receptor commence inflammatory response useful for the host, however Mtb can 

modulate the TLR and MR signaling pathway [17]. This result in the decreased efficiency of 

antigen presentation of MHC-II by the macrophages [18], restriction of the phagolysosome 

maturation [19] which subsequently results in inefficiency in T cells activation and thus the 

M.tb evades the host immune response. 

The main participating receptors are: 

• TLR: There are certain lipopeptides and liposaccharides that are TLR ligands, present 

on the mycobacterial cell wall processes. Interaction of TLR-2 with these ligands 

leads to the inhibition of the cytokine response [20]. Even prolonged stimulation of 

TLR-2 leads to the loss in the peptide load in MHC-II, thus though there have been 

reports regarding protective role of TLR-2 however some reports do contradict with 

this point [21]. The interaction of M. tb ligands with the thr TLRs sooner or later 

results in the activation of the NF-κB and in the production of proinflammatory 

cytokines such as TNF-α, IL-1, IL-12 chemokines and nitric oxide [22]. 

• NOD-like receptors: Nucleotide oligomerization domain are leucine rich protein 

which interacts with the PAMPs in the cytosol. TNF-α production after mycobacterial 

infection depends upon these NOD factors. NOD deficit mice showed impaired TNF-

α production and nitric oxide synthesis [23]. 
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• Mannose binding receptor: Mannose receptor, Type 1 transmembrane receptor, 

dependant phagocytosis takes place after the receptor recognizes the mannose residue 

present on the cell surface of mycobacteria. Though it’s not a professional 

phagocytosis receptor but is required for the interaction of pathogen with the 

macrophages and dendritic cells [24]. 

 

Mtb glycoproteins: 

Glycoproteins are the macromolecules composed of a peptide chain covalently bonded to one 

or more carbohydrate moieties. 

The saccharide chains are referred to as glycans. There are two classes of Glycoproteins 

• O-linked glycans containing an N-acetylglucosamine attached through a glycosidic 

bond to O-terminus of either Threonine or serine. 

• N-linked glycans containing an N-acetylglucosamine attached through a glycosidic 

bond to N-terminus of an Asparagine residue. 

 

 

 

 

                                                                                   

 

 

                                                                               Figure 5 
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They are located in the extracellular environment or expressed at the cell surface and 

responsible for various cell to cell interactions [24]. Immunoglobulins, different hormones 

and surface receptors are some biologically important Glycoproteins. 

Glycoproteins are responsible for various infections and parasitic processes [25]. Some 

pathogens containing glycoproteins that are immune-dominant antigens and can be used for 

immune-diagnosis and vaccination. 

 

Oxidative stress: 

It has been reported that Mtb glycoproteins modulates the redox balance to aid Mtb 

persistence inside the host macrophages (Mohanty et al., 2015, 2016; Sengupta et al., 2017; 

Sonawane, Mohanty, Jagannathan, Bekolay, & Banerjee, 2012). Oxidative stress is defined as 

the imbalance between the production of reactive oxygen species (ROS) and antioxidant 

defenses. When foreign substances are recognized by the TLRs or MRs and other receptors 

of innate immunity, during phagocytosis, ROS and RNS are produced. Oxidative stress could 

results from the following: (1) the presence of xenobiotics, (2) the activation of the immune 

system in response to invading microorganisms (inflammation), and (3) radiation, which 

makes oxidative stress a common denominator of toxicity or stress. 

 

How M. tb combats oxidative stress inside the host? 

Due to the presence of functional analog of glutathione that is cysteine glycoconjugate, 

mycothiol and also the presence of superoxide dismutase (SOD), catalase/peroxidase (KatG), 

thioredoxin reductase (Tpx), alkylhydroperoxide reductase (AhpC) and peroxiredoxin 

(AhpE) M. tb protects itself from the cellular oxidative stress [26]. And it has been also 

observed that in case of Gram-negative organisms the OxyR protein plays an important role 

in the survival against oxidative stresses [27]. Saprophytic Mycobacterium smegmatis 

induced a protective oxidative stress re- sponse analogous to the OxyR response of Gram-

negative bacteria [28]. 
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Role of Mitochondria in the production of cellular ROS compounds: 

Mitochondria are the main source of cellular ROS compounds inside mammalian cells. 

Hydrogen peroxide (H2O2) one of the commonly known cellular ROS compound forms from 

the dismutation of superoxide generated within mitochondria. Electron transport chain 

commonly known as ETC cycle is the main source for the ROS compounds inside the human 

body. Pathogenic mycobacteria combats survives against this ROS ans RNS compounds due 

the presence of superoxide dismutase (SOD) and catalase inside it where these ROS 

compounds (i.e Hydrogen peroxide) is converted to oxygen and water molecules [25]. 

Whereas non-pathogenic mycobacteria are unable to combat against these ROS and RNS 

compounds due to the absence of these enzymes. 

 

 

 

 

 

 

                                                                      Figure 6 

 

Role of Peroxisomes in regulation of ROS compounds: 

Besides mitochondria peroxisomes are also reported to be involved in formation as well as 

scavenging of ROS. Mammalian peroxisomes play impotant roles in cellular metabolism 

which includes α and β- oxidation of the fatty acids. The single membrane organelles uses a 

slightly modified oxidation process to shorten Very long chain fatty acid (VLCFA) to shorter 

fatty acids that can then be transported to the mitochondria to complete oxidation as 

mentioned in fig 7. During this metabolism hydrogen peroxide is generated inside the cell 

which is then further degraded to oxygen and water molecules by catalase present inside the 

peroxisomes. 
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                                                        Figure 7 

 

What are Peroxisomes and their functions: 

Peroxisomes are simplest sub-cellular organelles that are characteristics of all eukaryotic cells 

and contain 60 known enzymes in the matrix which also includes 45 integral or peripheral 

membrane proteins. Peroxisome play some important role in our body mainly in our 

metabolism those include- 

1. Enzymes involved in degradative oxidation such as β-oxidation of very long chain 

fatty acids. 

2. The early steps in the synthesis of ether glycerolipids or plasmalogens. 

3. The formation of bile acids, dolichol and cholesterols. 

4. The catabolism of purines, polyamines, and amino acids, and the detoxification of 

reactive oxygen species such as hydrogen peroxide, superoxide anions, and epoxides. 

 

Function of peroxisome and mitochondria in the maintenance of cellular 

homeostasis: 

Mitochondria mainly ETC cycle which is the main source for the cellular ROS compounds, 

peroxisomes also plays a role in cellular ROS production. Peroxisomes also play an important 

role in scavenging this cellular ROS compounds.  Pexophagy which is commonly known as 
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degradation of peroxisomal compartments through the formation of autophagosome is 

basically helps in the maintenance of peroxisomal homeostasis and also helps in peroxisomal 

biogenesis in mammals [29]. Pex13 peroxin which is mainly found in the peroxisomal 

membrane helps in selective autophagic degradation of mitochondria that is mitophagy and 

also of Sindbis virus that is virophagy [31]. 

 

What is Autophagy? 

The term ‘Autophagy’ derived from the Greek meaning ‘eating of self’. Autophagy is a 

lysosomal degradative process that plays essential functions in innate immunity, particularly, 

in the clearance of intracellular bacteria such as Mycobacterium tuberculosis and also in the 

maintenance of cellular homeostasis. Autophagy can be of three different types- 

(1) Macroautophagy or classical autophagy, (2) Microautophagy, (3) Chaperon-mediated 

autophagy. 

 

 

                                                           Figure 8 

 

Autophagy pathway and formation of Autophagosome: 

It mainly initiates during the time of nutrient depletion. The nucleation of an isolation 

membrane is the first step for the pathway which is subsequently elongates to envelop the 

portion of cytoplasm to be removed. During autophagy AMPK are the first molecules to 

respond which down-regulates the expression of mTORC1, key regulator in autophagic 



24 

 

pathway. Inhibition of mTORC1 further down-regulates the expression of ULK1 which then 

further inhibit its interaction with Beclin-1 and Atg14L, downregulation of the interaction 

results in inhibition of autophagic pathway.  

Inside the phagophore the LC3-I gets converted to LC3-II and Atg genes such as Atg16L, 

Atg 12 and Atg5 interacts with the phagophore and forms Autophagosome which then further 

interacts with the lysosomal compartments to form Autolysosome. Inside the autolysosome 

compartment the lysosome degrades damaged and unused protein and cytoplasmic 

organelles.  

 

                                                                            Figure 9  
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AIMS AND OBJECTIVES 
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AIM: 

The study aims to determine the immunomodulatory role of the M.tb gene ACTase in 

intracellular bacillary persistence by peroxisome dependent inhibition of cellular ROS and 

autophagy. 

 

OBJECTIVES: 

• To construct a recombinant strain of M.tb gene ACTase in non-pathogenic M. 

smegmatis using a shuttle vector pSMT3. 

• To study the growth kinetics and survival of the recombinant MsmACTase inside 

macrophage cells. 

• To study the effect of MsmACTase in cellular ROS production and its determine its 

affect on bacillary survival 

• To study the effect of MsmACTase in autophagy pathway 

• To determine the role of peroxisomes in modulation of ROS and autophagy pathway 

in MsmACTase infected macrophage cells.  
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BACTERIAL AND CELL CULTURE GROWTH CONDITIONS: 

a) Mycobacterium smegmatis mc2155 were grown in Middlebrook’s 7H9 broth medium 

(Difco) containing 0.05% Tween 80, 0.2% glycerol at 37°C on a shaker at 150 r.p.m. 

b) E. coli XL-10 Gold were grown in Luria-Bertani broth or LB agar supplemented with 

20 µg/ml of Tetracycline. 

c) Vector: pSMT3 plasmid. 

d) Cell lines: Mouse macrophage RAW 264.7 was maintained in DMEM media (Gibco) 

supplemented with 10% fetal bovine serum (FBS), 1% antibiotic solution. 

METHODS: 

1) CLONING OF Mtb ACTase IN Msm: 

a) PCR amplification: 

PCR amplification of Mycobacterium tuberculosis ACTase, ACTase orthologue in 

M.smegmatis (MSM_2335) genes were carried out by using M.tb genomic DNA and M.sm 

genomic DNA as a template using gene specific primers (Table 1) respectively. The PCR 

conditions are given in (Table 2) and (Figure 9). The PCR product was then digested with 

PstI and HindiIII (Table 3) subsequently ligated (Table 4) with pSMT3 vector. 

TABLE 1: Primers used 

Gene Name Sequence 

ACTase forward 5’-GGA TCC GTG AAC GTC CTC AGT TTG GGC TCG T-3’ 

ACTase reverse 5’-AAG CTT CTA GCG GGC CGC CTT CTT GC-3’  
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TABLE 2: The PCR mixture includes 

 

 

 

 

 

 

 

 

 

 

                                               Figure 10: PCR conditions 

 

TABLE 3: Parameters for Restriction digestion includes 

 

Reaction mixture 

components 

For plasmid (µl) For insert (µl) 

MQ water 15.9 15.9 

Buffer 10X 3.5 3.5 

pSMT3  plasmid 15 ------ 

Insert ----- 15 

HindIII 0.3 0.3 

PstI 0.3 0.3 
 

 

 

 

 

 

Reaction components Volume (µl) 

MQ water 21.2 

10X Paq Buffer 3.5 

dNTP mix 3 

Template ( Genomic DNA) 3 

Forward primer(refer Table 2) 2 

Reverse primer(refer Table 2) 2 

Paq polymerases 3 
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TABLE 4: Ligation mixture includes 

 

Reaction Components Test Sample (µl) Control (µl) 

MQ water 10 19 

T4 DNA Ligase Buffer (10X) 2.5 2.5 

Plasmid 3 3 

Insert 9 --- 

T4 DNA Ligase 0.5 0.5 
 

b) Preparation of competent cells: 

E. coli XL-10 gold overnight grown culture was subcultured into 100ml LB broth and kept in 

shaking incubator for at least 3 hrs (O.D 0.6-0.7). After 3 hrs the growth was blocked by 

keeping the flask in ice for 30minutes. The culture were then equally divided into 50 ml 

falcon tubes and centrifuged at 3500 r.p.m for 10 minutes in a precooled centrifuge at 4°C. 

The supernatant was discarded and the pellet was resuspended in 80mM and 50mM CaCl2 

and MgCl2 respectively. The tubes were then again centrifuged at 3500 r.p.m for 10 minutes 

at 4°C. The supernatant was discarded and pellet was dissolved in 0.1 M CaCl2 and 50% 

glycerol. Aliquots of 80µl were prepared and used or stored as per requirement. 

c) Transformation: 

About 5-7µl of the ligated product was added to 80µl of the previously prepared competent 

E. coli XL-10 gold cells. The aliquots were then incubated for 15-20 minutes in ice. The 

water bath was pre set to 420C. After the 15-20 minutes incubation in ice the tubes were then 

subjected to heat shock for 90 sec at 420C. Just after 90sec the tubes were immediately 

transferred to ice for 20 minutes. This immediate transfer should be done carefully and 

quickly as because the pores that are created during the heat shock for the entry of DNA are 

closed during the ice incubation. 400 µl of LB media were added to the tubes and the tubes 

were incubated at 370C for about an hour. Post incubation the tubes were centrifuged at 1000 

r.p.m for 5minutes and the pellet was resuspended in 200 µl of LB media. The tubes were 

then plated in LB-hygromycin media by spread plate technique and incubated at 370C 

overnight. 
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d) Screening of positive colonies: 

Several transformed colonies in overnight incubated plates were restreaked in hygromycin 

(100µg/ml) containing LB plates. For confirmation of positive colonies, few colonies were 

selected and colony PCR was performed with the gene specific primers (Table 1). The 

amplification was observed by running the samples in gel electrophoresis. For further 

confirmation they were double digested with HindIII and Pst I to check for the insert release. 

 

 

Transformation of the positive colonies into the electrocompetent cell: 

Preparation for electrocompetent cells: 

To prepare electrocompetent cells, M.smeg was inoculated in 5ml LB culture flask and 

incubated for 2days at 370C. After 2days it was subcultured to 100ml flask containing LB 

broth. The growth was arrested at O.D 0.6-0.7 and kept in ice for about 20-30 minutes. The 

culture were then equally divided into two 50 ml falcon tubes and centrifuged at 8000 r.p.m 

for 10 minutes in a precooled centrifuge at 4°C. The media was discarded carefully and the 

pellet was resuspended in 35 ml of chilled MQ and incubated in ice for 20 minutes. The tubes 

were then again centrifuged at 8000 r.p.m for 10 minutes at 4°C. The pellets were again 

resuspended in 15ml of chilled MQ and kept in ice for 20 minutes and again centrifuged at 

8000 r.p.m for 20 minutes at 4°C. The pellets were resuspended in 5ml of child 10% glycerol 

and kept in ice for 20 minutes, then centrifuged at 8000 r.p.m for 10 minutes at 4°C. The 

glycerol was discarded and pellets were resuspended in 500µl 10% glycerol and aliquots of 

60-80 µl were made and used for transformation or was stored at -80°C. 

Electroporation: 

About 4 µl of the insert was added to the 80 µl electrocompetent cell and mixed gently. The 

content was transferred to prechilled electroporation cuvettes and incubated in ice for 

10minutes. The electroporation was carried out at 2500V/5 millisec. Then the content was 

transferred to a prewarmed (420C) 1ml LB broth. The tubes were then left at RT for 5-10 

minutes. The tubes were incubated for 50 minutes at 370C in shaking incubator (150-200 

r.p.m). 10-50µl of the content was plated. 



32 

 

 

2) ANALYZING THE GRWOTH KINETICS: 

To analyze the growth patterns of M.smeg (WT), pSMT3 and recombinant MsmACTase, they 

were cultured in 100ml of LB broth containing 0.5% Tween80 and hygromycin (50 µg/ml, 

for recombinant strains) by transferring 0.1% of fresh inocula (O.D= 0.1) into it. The flasks 

were incubated at 370C with 120rpm. The growth kinetics was assayed by measuring the O.D 

at 600nm every after 12 hrs. 

 

3) INTRACELLULAR SURVIVAL ASSAY: 

Mouse macrophages (RAW264.7) cells (2x105 cells/well) were seeded on 24-well tissue 

culture plates and grown for 18-20 h. Cells were infected with pSMT3 

and MsmACTase strains at a MOI 10 for 2 h. After 2 h of infection, the cells were washed 

with 1XPBS 3 times to remove the extracellular bacteria. After 6 and 24 h of infection cells 

were again washed with 1X PBS, lysed with 0.5% Triton-X-100 and intracellular bacterial 

count (0h) was estimated by plating serially diluted samples on 7H9 plates. Plates were 

incubated at 37 0C and Msm colonies were enumerated after 3 days. The survival percentage 

was calculated with respect to the number of bacteria present in the inoculum termed as "pre-

inoculum density (PID)" used to infect the cells. The PID of each bacterial strain was 

considered as 100% and the CFU counts obtained after the cell infection was used to 

calculate the percentage of intracellular survival of bacteria. 

 

4) FLOW CYTOMETRIC ANALYSIS: 

RAW264.7 (4.5x105 cells/well) were seeded onto 6-well plates and infected with pSMT3 

and MsmACTase at an MOI 10 for 24 h. Total ROS and superoxide anions (O2-) generated 

were measured by using 2', 7’-dichlorofluorescein diacetate (DCFH-DA) and 

dihydroethidium (DHE) dyes, respectively. Then cells were harvested in 1X PBS containing 

0.1mg/ml DNase (Himedia, Mumbai) and analyzed using Flow cytometer (BD FACS Canto 

II cytometer) and analyzed using FACS Diva software. Forward scatter (FSC) area vs height 

measurement was done to remove clumps for single cell analysis and single cells falling 
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along a diagonal were chosen for further analysis. Forward scatter (FSC) and side scatter 

(SSC) were used to gate viable and single cell events. Appropriate gating was done to 

exclude debris and dead cells from analysis by categorizing low-FSC events as debris, and 

low FSC and high SSC as dead cells. A compact cell population was thus gated based on size 

and granularity. The gated cells were further analyzed for uptake of impermeable propidium 

iodide (PI) (Invitrogen) stain to determine live versus dead cells. Gated FITC positive cells 

from stained and unstained controls, pSMT3 and MsmACTase were over-layed to determine 

the shift in the population using FlowJo (USA) for invasion assay. 

 

5) WESTERN BLOT ANALYSIS: 

Expression profiling of autophagy markers and transcription factors was checked by Western 

blotting technique after infection with pSMT3 and MsmACTase at a MOI 10 on RAW264.7 

cells. The infection assay was same as followed for the other experiments performed above. 

24hrs post infection, cells were harvested by using lysis buffer and cells were stored at -80°C 

overnight. The lysate was then centrifuged at 13,000 rpm for 25 mins at 4°C and proteins 

were electrophoresed by using SDS-PAGE and the electrophoresed protein was then 

transferred to PVDF membrane. After western blotting the membrane was blocked by using 

5% skim milk or 5% BSA in PBST for 2-3 hrs and then left for overnight incubation by using 

primary antibody in PBST. Next day the blot was washed using PBST 3 times for 5 minutes 

each. After washing blot was again incubated by using secondary antibody in PBST for 2-3 

hrs and again washed for 3 times as before. After washing was done X–ray film was 

developed using standard chemiluminiscent solvent. 

Expression profiling of autophagy markers and transcription factors was checked by Western 

blotting technique after treating the cells with Zymosan, ros inducer [32] at a concentration of 

200µg/ml for 2 hrs followed by infection procedure as described above. 

 

6) IMMUNO-FLUORESCENCE MICROSCOPIC ANALYSIS: 

RAW 264.7 cells were seeded on coverslips in 24 well plates followed by infection with WT, 

pSMT3 and MsmACTase for 24 hrs. After 24 hrs media the cells were washed twice with 1X 

PBS and fixed with acetone/methanol (1:1) and kept at -20°C for 20 mins. After 20 mins of 
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incubation cells were again washed with 1X PBS for 3 times and blocked in 200µl of 1% 

BSA/0.5% saponin solution and kept at 37°C for 1 hr. Then 1 hr post blocking the coverslips 

with cells were again washed with 1X PBS for 5-7 times and placed on a box with parafilm 

containing primary antibody (1:200) and kept it overnight at 4°C. Next day the coverslips 

were again washed with 1X PBS for 5-7 times and Alexa-Flour tagged 2° Antibody (1:200) 

was added and kept for another 2 hrs at 37°C in dark. After 2 hrs of incubation coverslips 

were again washed and mounted on slides with 2µl of mounting solution containing DAPI 

and left to dry. 
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CHAPTER 6 

 

RESULTS 
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4.1 CLONING: 

 

 

 

 

 

 

 

 

 

 

Figure 11: Gel image showing the cloned ACTase in Msm 

PCR amplification of ACTase was carried out using gene specific primers and run on a 1% 

agarose gel. As anticipated the amplified bands were observed at 903bp in the gel 

electrophoresis. The band which showed more intensity was eluted and digested with HindIII 

and PstI. The digested product was ligated subsequently with pSMT3 vector and further 

transformed into E.coli XL 10 Gold competent cells. The positive colonies were then 

transformed into electrocompetent cells of M.smegmatis, and confirmed by double digestion 

and checked for the insert release.  

 

 

  

903bp 
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4.2 IN VITRO GROWTH KINETICS: 

 

 

 

 

 

 

Figure 12: Graph showing the growth pattern of MsmWT, pSMT3 and MsmACTase 

The growth kinetics of the cloned constructs WT, pSMT3 (vector control), MsmACTase 

were analysed by inoculating and subculturing them in 100ml of 7H9 media and hygromycin 

(50µg/ml, for recombinant strains), for specialized time period (0-108hrs). It was observed 

that no considerable differences were observed in the growth rates of the recombinant strain 

from the WT and vector control (from the compared O.D at 600nm), suggesting that over-

expression of this gene does not lead to growth defects in vitro. This indicates that the 

observed phenotypes would be due to the gene expression, not because of growth defects. 

 

4.3 Recombinant MsmACTase results in increased survivability inside phagocytic 

cells: 

 

 

 

 

 

Figure 13: Intracellular survival of pSMT3 and MsmACTase by CFU assay 
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Survival assay analysis was done to check the intracellular bacterial count in phagocytic cells 

at time points 6 and 24 h post infection. Mouse macrophage RAW 264.7 cells were infected 

with pSMT3 and MsmACTase and the survival of the strains were checked by CFU assay. It 

was observed at all time points MsmACTase showed more survival as compared to pSMT3. 

This indicated that MsmACTase is able to survive inside macrophages. 

 

4.4 MsmACTase down-regulates ROS for its persistence inside the macrophages: 

 

 

 

 

 

 

Figure 14: ROS production was determined by DHE (A) and DCFH-DA (B) staining 

Redox balance is crucial for the intracellular survival of mycobacteria [33]. Mtb is known to 

inhibit host oxidative stress responses to facilitate its survival in macrophages. To determine 

the rationale behind the increased intracellular persistence of MsmACTase we therefore, we 

first measured the level of ROS production in pSMT3 and MsmACTase infected RAW264.7 

cells using DHE and DCFH-DA staining. DHE staining did not show any significant 

difference in the production of superoxide anions (O2
-), precursor for ROS and NO 

production, in MsmACTase (10.9±0.98%) and Msm pSMT3 (8.9±1.5 %) infected 

macrophages (upper panel, Fig 14A). However, DCFH staining showed significantly less 

ROS production in MsmACTase (5.5±0.1%) as compared to Msm pSMT3 (13.2±0.3%) 

infected macrophages (middle panel, Fig 14B). This indicated that MsmACTase inhibits ROS 

to survive inside the macrophages.  
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4.5 Msm ACTase down-regulates autophagy for its survival inside host: 

Autophagy is a cellular defense mechanism against pathogenic microorganisms upon 

infection. Autophagy was checked by using classical autophagic which are mainly involved 

in the regulation of cellular autophagy including mTORC1, Atg5, Atg 7, Beclin-1, p-ULK1, 

ATM-kinase, p-AMPK and LC3-II which mainly helps in the formation of autophagosomes. 

 

 

 

 

 

Figure 15: Western blot analysis showed that MsmACTase infected cells 

downregulation of autophagy markers (A) p-ATM kinase (B) p-AMK-α (C) p-ULK-1 

(E) LC3II (F) Atg5 (G) Beclin-1 and (H) Atg7. Upregulation of mTORC-1 expression 

was observed as a result of p-ULK-1 downregulation in MsmACTase infected cells.  

As shown in Fig 15 A, the first responder due to ROS dependant DNA damage was 

downregulated in case of MsmACTase infected cells which indicated that inhibition of ROS 

might have blocked the autophagy pathway. To further determine the same we checked for 

the expression of classical autophagy regulating genes [34] like p-AMPKα (Fig 15 B), gene 
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p-ULK1 (Fig 15 C). Whereas Fig. 15 D MsmACTase infection showed the up-regulation of 

mTORC-1 expression (known to inhibit autophagy by down-regulating the genes p-ULK1 

and p-AMPKα) also signifies that MsmACTase aids in down-regulation of autophagy in host 

macrophages. LC3 is an essential autophagy regulating gene helps in the formation of 

autophagosome which upon up-regulation of autophagy converts to LC3II here in Fig 15 E it 

was clearly observed that there was a down-regulation of LC3II expression in MsmACTase 

when compared to vector control. Other autophagy related genes like Atg5, Atg7 and Beclin-

1 (Fig. 15 F-H) also showed down-regulation in case of MsmACTase when compared with 

the uninfected and vector control. 

 

4.6 Fluorescence microscopic analysis of autophagy marker pAMPKα 

 

 

 

 

  

 

 

Figure 16: Fluorescence microscopy image showing the expression of pAMPKα in RAW 

264.7 pSMT3, MsmACTase and Uninfected cells. 

To further validate the western blot result we performed immunostaining assay with p-

AMPK-α antibody using fluorescence microscopy. It was observed that the expression of 

classical autophagy marker pAMPKα significantly decreased in pAMPKα in MsmACTase 

infected cells when compared with the UI and pSMT3 infected cells. Thus the result further 

corroborated that MsmACTase down-regulates the expression of autophagy for its 

persistence inside the host macrophage cells.  
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4.7 Autophagy is upregulated when ROS is induced in MsmACTase infected cells: 

 

 

 

 

 

 

Figure 17: Western blot analysis post Zymosan treatment showed that MsmACTase 

infected cells upregulated the expression of autophagy markers (A) p-ATM kinase (B) 

p-AMK-α (C) p-ULK-1 (E) LC3II (F) Atg5 (G) Beclin-1 and (H) Atg7. Downregulation  

of mTORC-1 expression was observed as a result of p-ULK-1 up-regulation in 

MsmACTase infected cells.  

Upon induction of ROS by Zymosan treatment in cells prior to infection with pSMT3 and 

MsmACTase showed upregulation of autophagy markers like p-ATMkinase (Fig 17 A), p-

AMPKα (Fig 17 B), gene p-ULK1 (Fig 17 C), LC3II (Fig 17 E), Atg5 (Fig 17 F), Beclin-1 

(Fig 17 G) and Atg7 (Fig 17 H) in MsmACTase infected cells. Expression of m-TORC-1 was 

found to be downregulated in MsmACTase infected cells.  
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4.8 MsmACTase down-regulates the expression adaptor molecules and 

transcriptional factors which are responsible for cellular autophagy: 

 

 

 

 

 

Figure 18: Western blot analysis to check the expression of the autophagy related 

adaptor molecules (A and B) and transcriptional factors (C-E) 24 h post-infection with 

pSMT3 and MsmACTase.  

p62 and NBR1 are the two autophagy adaptor molecules which play a major role in 

autophagosome formation. It was observed that 2h of post infection the expression of p62 and 

NBR1 (Fig 18A and B) is relatively higher in MsmACTase infected cells than the vector 

control. Further xpression of transcriptional factor TFEB was observed to be downregulated 

in MsmACTase which further corroborated with the upregulation of mTORC-1 expression 

(as it has been previously reported that mTORC-1 phosphorylates the serine residue of TFEB 

thereby inhibiting its translocation to the nucleus). Whereas the other transcription regulating 

genes expression i.e Keap-1 and Nrf2 also up-regulated when compared with the uninfected 

(Fig 18D and E). 
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4.9 Induction of ROS modulated the expression adaptor molecules and transcriptional 

factors which are responsible for cellular autophagy: 

 

 

 

 

 

 

 

 

 

Figure 19: Western blot analysis to check the expression of the autophagy related 

adaptor molecules (A and B) and transcriptional factors (C-E) 24 h post-infection with 

pSMT3 and MsmACTase in Zymosan treated RAW 264.7 cells. 

Upon induction of cellular ROS the expression of autophagy adaptor molecules like p62 (Fig 

19 A) and NBR1 (Fig 19 B) were found to be downregulated in case of MsmACTase 

infection. This correlated with the higher expression of LC3II expression in Zymosan treated 

cells. To further confirm we determined the expression of the transcription factor TFEB, 

which aids in lysosomal biogenesis. We observed that MsmACTase infected cells showed 

upregulation of TFEB (fig 19 C) thereby validating that the autophagy pathway is getting 

upregulated. It has been reported earlier that the Nrf2 bound Keap1 system is inactivated 

when autophagy is upregulated, corroborating to the previous finding we observed that 

induction of autophagy due to increased ROS downregulated the expression of both Keap1 

(Fig 19 D) and Nrf2 (Fig 19 E). 
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4.10 Inhibition of peroxisomes upregulated ROS production MsmACTase infected 

cells: 

 

Figure 20: ROS production by DCFH-DA staining in post infection with pSMT3 and 

MsmACTase in cells treated with (bottom panel) and without peroxisome inhibitors 

(upper panel) 

From the previous reports it has been known that peroxisomes play crucial role in 

maintaining redox balance, therefore we further determined the role of peroxisomes in ROS 

modulation in pSMT3 and MsmACTase infected cells. We observed that treatment with 

peroxisome inhibitor, TZ(10μM) increased the ROS production (9.0±1.28%) in MsmACTase 

infected cells when compared to untreated conditions (0.3±0.1%). This indicated that 

peroxisomes are playing a crucial role in regulating the ROS production in MsmACTase 

infected cells, thereby helping the recombinant strain to survive inside the macrophages.  
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4.11 Inhibition of peroxisomes upregulated the expression of autophagy 

related genes and transcriptional factors in MsmACTase infected cells: 

 

  

 

 

 

 

 

 

 

 

Figure 21: Western Blot analysis to check for the expression of autophagy related genes 

(A) p-AMPKα, (B) p-ULK-1, (C) Atg7 and (D) TFEB after infection with pSMT3 and 

MsmACTase in presence of peroxisome inhibitor.  

To further confirm the role of peroxisomes in autophagy post infection, we infected the cells 

with pSMT3 and MsmACTase and then inhibited the functionality using TZ (Thiodiazine 

hydrochloride, chemical inhibitor for peroxisomal β- fatty acid oxidation). Post treatment it 

was observed that the expression of representative autophagy related genes were up-regulated 

in case of MsmACTase infected cells further confirming that MsmACTase inhibits ROS and 

autophagy pathway in peroxisome dependant manner.  
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CHAPTER 7 

 

DISCUSSION 
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M. tb employ various strategies to subvert host immune responses for its persistence in 

macrophage, one of the component are the M. tb glycoproteins are credited to play crucial 

role in virulence as well as in antigenic processes due to their ability to manipulate host 

antibacterial effector mechanisms. However, considering the complexity of M. tb genome the 

function of many glycoproteins is still undefined.  Several mycobacterial membrane proteins 

are known to restrict the host immune responses to facilitate the bacterial survival. One of the 

mechanisms used by the pathogen to weaken the immune response is to subdue the 

production of oxidative stress molecules in host cells. Although Mtb is known to inhibit host 

oxidative stress mechanisms, the underlying molecular mechanisms are poorly understood. In 

our study we aim to characterize a functionally unknown M.tb gene encoding for 

acetyltransferase in Msm, which is surrogate lab model of mycobacteria.  The gene was 

ectopically expressed in the non-pathogenic strain using a shuttle vector, pSMT3. 

MsmACTase, the recombinant strain showed no difference in growth kinectics when 

compared to WT (M. smegmatis) and the vector control. This indicated the phenotype 

observed would be due to the expression of ACTase and not due to the growth defects.  From 

the intracellular survival CFU counts we observed that MsmACTase aids in the intracellular 

survival of the bacilli inside the host macrophages. As reported by earlier findings our results 

also corroborates the role of acetyltransferase in bacterial survival, in which Mtb 

acetyltransferase Eis protein  and arylamine N-acetyltransferase were shown to play an 

important role in intracellular survival of Mtb in macrophages [35].  

Pathogenic mycobacteria inhibit oxidative burst mechanisms to facilitate its survival inside 

the host cells. These pathogens either develop resistance mechanisms or employ various 

detoxification pathways to combat the oxidative stress. ROS especially H2O2 exhibits potent 

toxic effects on the invading pathogens. It can easily diffuse through the cell membrane and 

generate oxidative radicals [36]. How Mtb counteracts this oxidative stress environment in 

host cells remains elusive. Here we provided sufficient evidences that MsmACTase inhibit 

ROS production in infected macrophages. This is in agreement with a previous report where 

deletion of Mtb eis, encoding for acetyltransferase, resulted in increased ROS production 

[37]. Macrophages infected with recombinant MsmACTase strain were associated with 

decreased cellular ROS production, indicating that increased survival seen in macrophages is 

due to the inhibition of ROS production.  
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Mitochondria, which plays an important role in the production of cellular ROS also plays 

crucial role in maintain cellular autophagy. Up-regulation of cellular ROS also up-regulates 

autophagy, mechanism which plays a crucial role in regulation of mycobacterial growth 

inside macrophages. Classical autophagy regulating LC3II and other genes such as mTOR, 

pAMPkα, pULK1 and other transcriptional factors TFEB, Keap-1, p62, NBR1, Nrf2 plays 

significant role in regulation of autophagy. TFEB helps in the lysosomal biogenesis [38] 

which further helps in the autolysosomal complex formation, upon up-regulation of mTOR 

phosphorylates TFEB [39] and down-regulates the lysosomal biogenesis. The autophagy 

response to MsmACTase was identified by the expressions of the autophagy markers, 

recombinant MsmACTase found to play major role in the down-regulation of these autohagy 

genes including the transcriptional factors. The present study provided evidence that 

MsmACTase which is an essential gene for the survival of M. tb inhibit programmed 

autophagy mechanism and thus enable the pathogen to increase its persistence inside the 

macrophages. 
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CHAPTER 8 

 

CONCLUSION 
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In conclusion, this work has identified a novel M.tb acetyltransferase and demonstrated 

previously unknown mechanistic insights on how MsmACTase interferes with the host 

immunity and generates a suitable niche for intracellular bacillary persistence by modulating 

the oxidative stress responses and inhibiting the self degradative autophagic pathway. In the 

present study functional unknown MsmACTase was shown to down-regulate ROS 

production inside the cell which aid in increased intracellular persistence. As part of the 

future study we aim to determine the role of mitochondria, which is the main source of 

cellular ROS, in MsmACTase persistence inside the macrophages. 
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